Here we show that replicative senescence in normal human diploid IMR90 fibroblasts is accompanied by altered expression of a set of microRNAs (miRNAs) (senescence-associated miRNAs), with 14 and 10 miRNAs being either up or downregulated (42-fold), respectively, in senescent with respect to young cells. The expression of most of these miRNAs was also deregulated upon senescence induced by DNA damage (etoposide) or mild oxidative stress (diethylmaleate). Four downregulated miRNAs were part of miRNA family-17, recently associated to human cell and tissue aging. Moreover, eight upregulated and six downregulated miRNAs mapped in specific chromosomal clusters, suggesting common transcriptional regulation. Upon adoptive overexpression, seven upregulated miRNAs induced the formation of senescence-associated heterochromatin foci and senescence-associated b-galactosidase staining (Po0.05), which was accompanied, in the case of five of them, by reduced cell proliferation. Finally, miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-5p induced double-strand DNA breaks and reactive oxygen species accumulation in transfected cells. In conclusion, we have identified a set of human miRNAs induced during replicative and chemically induced senescence that are able to foster the senescent phenotype by prompting DNA damage. Replicative or cellular senescence, a state of irreversible arrest of cell division, was first described in cultures of human fibroblasts.
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Senescent cells are marked by lack of DNA replication; expression of senescence-associated b-galactosidase (SA-b-gal); accumulation of discrete nuclear foci that are termed senescence-associated heterochromatin foci (SAHFs); and senescence-associated DNA-damage foci (SDFs). SAHFs are detected by preferential binding of DNA dyes, such as 4 0 ,6-diamidino-2-phenylindole (DAPI), and the presence of certain heterochromatin-associated histone modifications (trimethyl-Lys9 Histone H3). SDFs are nuclear foci containing proteins that are associated to DNA damage (Ser139-phosphorylated histone H2AX -g-H2AX-and p53-binding protein-1-53BP1). 6 Senescent cells show striking changes in gene expression, including upregulation of cell-cycle inhibitors (p21WAF1 and p16INK4a) and secreted proteins involved in microenvironment remodeling (IL-6), 7 and downregulation of genes that facilitate cell-cycle progression (c-FOS, cyclin-A, cyclin-B, PCNA) 8 or that are involved in cell-cycle execution (FOXM1, UBE2C, TYMS). 9 Mechanisms underlying the gene expression program that is associated to senescence are still poorly understood.
MicroRNAs (miRNAs) are short (20-24 nt) non-coding RNAs that are involved in post-transcriptional regulation of gene expression. miRNAs are transcribed as part of primary transcripts (pri-miRNAs). The pri-miRNA is cleaved by the Drosha ribonuclease-III to produce an approximately 70-nt stem-loop precursor miRNA (pre-miRNA), which is further cleaved by the cytoplasmic Dicer ribonuclease to generate mature miRNA and antisense miRNA star (miRNA*) products. The mature miRNA is incorporated into an RNA-induced silencing complex (RISC), which recognizes target mRNAs and most commonly results in translational inhibition or destabilization of the target mRNA.
Being potent regulators of gene expression, we hypothesized that miRNAs were involved in the gene expression program associated to cellular senescence. This hypothesis was supported by recent results obtained by Hackl et al. 11 showing that miRNAs of family 17 were downregulated in aged tissues and cells. Moreover, senescence in human lung (WI-38) fibroblasts was accompanied by upregulation of miR-152, miR-410, miR-431, and miR-493, and downregulation of miR-155, miR-20a, miR-25, and miR-15a; knockdown of miR-155 or miR-20a enhanced IR-induced senescence. 12, 13 In this study, we profiled miRNA expression in human senescent fibroblasts (IMR90). We identified 24 miRNAs that were either up-or downregulated in senescent cells. Upon adoptive overexpression, most of the upregulated miRNAs reduced DNA synthesis rate, and induced SA-b-gal staining and SAHFs. Five of them induced a robust DNA damage that likely sustains the senescent phenotype.
Results
Altered expression of a set of miRNAs accompanies replicative senescence in IMR90 fibroblasts. At PDL58, more than 70% IMR90 cells stained positively for SA-b-gal, whereas less than 1% of PDL33 cells stained positively (Supplementary Figure 1) . Moreover, PDL58 cells had an expression profile consistent with a senescent phenotype, expressing about three-fold higher levels of p21WAF1 and p16INK4a proteins; higher levels of IL6 mRNA; and reduced levels of cell-cycle-related mRNAs such as cyclin-A, thymidylate synthase (TYMS), cyclin-selective ubiquitin carrier protein (UBE2C), and forkhead box-M1 (FOXM1) with respect to PDL33 cells (Supplementary Figure 1) . We profiled miRNA expression in senescent PDL58 with respect to PDL33 IMR90 cells by qRT-PCR. A total of 148 miRNAs were detected (C t o39 cycles) in at least one of the two samples; 18 miRNAs were upregulated and 51 were downregulated (42-fold) in senescent versus young cells (Supplementary Table 1) .
To validate these results, independent preparations of PDL58 and PDL33 IMR90 cells were obtained and the expression of all the highest ranked 18 up-and 14 downregulated miRNAs was investigated in triplicate by qRT-PCR. Results are reported in Table 1 . Fourteen (fold changes: 2.7-8.9) and 10 (fold changes: 0.42-0.13) miRNAs were significantly (Po0.001) up-or downregulated in PDL58 versus PDL33 cells, respectively (Table 1) .
These findings indicate that senescence of IMR90 is associated to altered expression of a set of miRNAs (hereafter referred to as 'senescence-associated miRNAs').
DNA damage and oxidative stress deregulate the expression of senescence-associated miRNAs. Treatment with etoposide, 15 a topoisomerase inhibitor used to induce DNA damage, or DEM, 9 a glutathione depletor able to cause a mild oxidative stress, were applied to chemically induce cellular senescence. When IMR90 cells were exposed to DEM (100 mM) for 10 days or treated with etoposide (20 mM) for 24 h and further cultured for 11 days, 62 and 80% SA-b-gal-positive IMR90 cells, respectively, were detected. This was accompanied by gene expression changes consistent with a senescent phenotype Table 2 . About 90% of the senescence-associated miRNAs were de-regulated (albeit with smaller fold changes than during replicative senescence) upon chemically induced senescence (Po0.05). In detail, DEM-mediated senescence was associated with the upregulation (range: 1.26-3.25) of 13 of the 14 (with the exception of miR-542-5p) upregulated senescence-associated miRNAs (Po0.05) ( Table 2) , whereas etoposide-mediated senescence was associated with the upregulation (range: 1.21-3.22) of 12 (with the exception of miR-654 and miR-494) of them (Po0.05) ( Table 2) . Moreover, both DEM-treated (range: 0.84-0.2) as well as etoposide-treated (range: 0.7-0.29) cells showed downregulation of all the 10 downregulated senescenceassociated miRNAs (Po0.05) ( Table 2 ). These findings indicate that DNA damage and oxidative stress alter the expression of senescence-associated miRNAs in IMR90 cells, thereby suggesting that DNA damage and oxidative stress, occurring during replicative senescence, may contribute to the altered expression of senescenceassociated miRNAs.
A set of miRNAs promotes a senescent phenotype in IMR90 cells. We sought to establish whether upregulation of senescence-associated miRNAs was causally related to senescence. Thus, the nine highest ranked upregulated miRNAs (Table 1) Senescent cells are arrested in the G 1 phase of the cell cycle. Therefore, we tested whether expression of the highest ranked upregulated miRNAs was also able to reduce BrdU incorporation into newly synthesized DNA. Electroporation of five of them (miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-5p) in PDL33 IMR90 cells caused a significant (Po0.001) reduction (2-to 3-fold) of BrdU incorporation ( Figure 2a ). Moreover, these five miRNAs also caused a parallel reduction (approximately 30-60%) in cell number (P40.05) (Figure 2b ). miR-126* did not exert any detectable effect, and miR-379 and miR-30e-5p caused only negligible reduction of BrdU incorporation and cell proliferation (Po0.05) (Figures 2a and b) . Negative control was represented by scrambled miRNA-transfected cells (Figures  2a and b) .
Altogether, these findings show that seven senescenceinduced miRNAs are able to induce SAHF/SA-b-gal positivity, with five of them (miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-5p) causing a robust reduction of cell proliferation and DNA synthesis rate.
miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-5p enhance DNA damage. DNA damage and DDR are 5 Therefore, we asked whether the five senescence-associated miRNAs, that were able to reduce proliferation rate and promote a senescent phenotype, were able to induce DNA damage. To this aim, we used neutral COMET assay to monitor double-strand DNA breaks. Etoposide-treated and scrambled miRNAtransfected cells were used as positive or negative controls, respectively. Tail moments were calculated and percentages of nuclei showing different tail moments were determined. The results shown in Figure 3 demonstrate that all the five miRNAs, but not the scrambled control, caused significant (Po0.05) increase in the percentage of cells with tail moment 44, consistent with induction of double-strand DNA breaks (Figure 3) .
Finally, we evaluated whether adoptive miRNA expression induced the formation of gH2AX foci in cell nuclei. Senescent cells and etoposide-treated cells were used as positive controls, whereas scrambled miRNA-transfected cells were used as negative controls. Figure 4 shows that miR-210 and miR-494, but not the scrambled control, induced the formation of gH2AX foci in more than 25% of cell nuclei (Po0.01). miR376a*, miR-486-5p, and miR-542-5p increased the number of gH2AX foci-positive nuclei only modestly (Po0.05) (Figure 4) .
These findings suggest that senescence-associated miRNAs facilitate the establishment of a senescent state by promoting DNA damage and in some cases through increase of a DDR marker.
Role of oxidative stress and the mTOR-signaling pathway in miRNA-induced cellular senescence. Increased intracellular oxygen radicals can elicit DDR and senescence. 5 Therefore, we investigated whether overexpression of senescence-associated miRNAs was able to cause intracellular accumulation of superoxide anion, by flow cytometry upon cell staining using the oxidation-sensitive DHE fluorescent probe. The results reported in Figure 5 demonstrate that overexpression of all five miRNAs (miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-5p) caused a significant Of note, miR-210 was previously reported to induce the generation of ROS. 18, 19 Furthermore, it appears of interest that miR-494, which caused the highest levels of ROS generation, also caused the highest level of DNA damage as shown by the COMET assay (Figure 3) .
The mammalian target of rapamycin (mTOR) pathway was demonstrated to drive senescence in cells treated with several factors, including oxidative agents. [20] [21] [22] Thus, initially, we asked whether miRNA transfection caused any change in mTOR pathway activation, by measuring the phosphorylation of the ribosomal S6 protein (S6); S6 is phosphorylated by p70-S6 kinase (p70S6K), which, in turn, is activated by mTOR. 23 IMR90 cells featured high levels of S6 phosphorylation, and adoptive overexpression of any of the five miRNAs (miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-5p) did not cause detectable change in the levels of phospho-S6 (Supplementary Figure 3) . Then, we tested whether inhibition of mTOR by the macrolide antibiotic rapamycin affected cell senescence (SA-b-gal) induced by miRNA transfection. Treatment with rapamycin caused a detectable reduction of SA-b-gal-positive cells upon transfection with the five miRNAs, a reduction that was statistically significant (Po0.05) in the case of four of them (Table 3 ). Rapamycin's effects on SA-b-gal stain were not accompanied by significant reduction of g-H2AX foci (Table 3) .
Altogether, these findings suggest that the senescent phenotype induced by miR-210, miR-376a*, miR-494, and miR-542-5p depends on the activity of the mTOR pathway.
Discussion
Here we have identified a set of 24 miRNAs either up-or downregulated in senescent human diploid fibroblasts. ing that either the contribution of other factors or the conditions of chemical treatments were not sufficient to achieve a robust change of miRNA expression. We have also shown that adoptive expression of five upregulated miRNAs (miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-5p) induced a senescent phenotype (with SAHFs, SA-b-gal staining, and reduced cell proliferation). Overexpression of these five miRNAs was also associated with double-strand DNA breaks in a neutral COMET assay and, for two of them (miR-210 and miR-494), appearance of a DDR marker (gH2AX foci). Thus, overexpression of the five miRNAs favored DNA damage, and not solely DDR (gH2AX), which can also occur in the absence of DNA damage (pseudo-DDR). 24 Finally, we showed that the mTOR pathway was an essential driver of senescence induced by senescence-associated miRNAs as SA-b-gal staining was significantly reduced by treatment with rapamycin. [20] [21] [22] Of note, our preliminary observations, by studying the expression levels of the senescence-inducing miRNAs in human skin broblasts from young (age [17] [18] [19] [20] [21] [22] [23] [24] [25] or old (age 89-94) donors, show that the highest expression levels of miR-376a* and miR-494 were found in one old donor cell line, and expression of miR-486-5p was on average two-fold higher in old with respect to young cells.
Overall, these findings suggest a model whereby DNA damage and oxidative stress, which occur during replicative senescence, stimulate the expression of a set of miRNAs, which, in turn, feedback positively to DNA damage and oxidative stress, thereby sustaining the senescent phenotype (Supplementary Figure 4) . The mechanisms through which the upregulated miRNAs provoke these effects will deserve further investigation. However, the model is supported by the observation that overexpression of the senescence-associated miRNAs caused an accumulation of superoxide anion and by the fact that some known targets of senescenceassociated miRNAs are involved in DNA damage, oxidative stress, cell-cycle control, and apoptosis. For instance, miR-210 was found to activate the generation of ROS by targeting subunits of the electron transport chain (ETC) complexes I and II. 18 Other potential targets of miR-210 in the same pathway included ISCU (iron-sulfur cluster scaffold homolog) and COX10 (cytochrome-c oxidase assembly protein), two factors of the mitochondrial electron transport chain and the tricarboxylic acid cycle. 19 In addition, forced expression of miR-210 decreased endogenous levels of RAD52, a key factor in homology-dependent DNA repair (HR). 25 Similarly, miRNA-494 was recently found to be localized to mitochondria, where it may target genes involved in ATP synthesis-coupled electron transport. 26 Of note, miR-210 also suppresses cell-cycle progression by targeting E2F3 27 and fibroblast growth factor receptor-like-1 (FGFRL1).
28 miR-376a* was reported to repress phosphoribosyl pyrophosphate synthetase-1 (PRPS1) involved in DNA/ RNA synthesis as well as threonine and tyrosine kinase (TTK) essential for mitosis checkpoint. 29 miR-494 was upregulated in cells exposed to the DNA-damaging agent benzo[a]pyrene (B[a]P) and was found to restrain cell cycle through CDK6 downregulation. 30 Finally, miR-542-5p was upregulated in senescent BJ cells 31 and downregulated in neuroblastoma and other solid tumors. 32 Though not investigated in our study, it is tempting to speculate that also senescence-downregulated miRNAs contribute to the execution of the senescence program (Supplementary Figure 4) . In our study, several miRNAs of the miR-17 family (miR-17-5p, miR-20a, miR-106b, and miR-93) and miR-155 were downregulated both in replicative and chemically induced senescence. Noteworthy, the miR-17 family 33 and miR-155 12 have already been involved in cellular senescence. Hackl et al. 11 reported that miRNAs of the miR-17 family were downregulated in replicative senescence and in organismal aging models, their decrease correlating with increased levels of p21WAF1. miRNAs of the miR-17 family (miR-17-92 cluster) were also upregulated in cancer [34] [35] [36] [37] and, by targeting p21WAF1, they were able to confer resistance to RAS-induced senescence. 38 On the other hand, miR-155 was downregulated in senescent WI-38 cells, causing increased levels of TP53INP1, a protein acting in the TP53 growth arrest pathway. 12 Another link between miR-155 and cell proliferation comes from recent data showing that WEE1 (WEE1 homolog-Schizosaccharomyces pombe), a kinase that blocks cell-cycle progression, is a target of this miRNA. 39 In conclusion, we have identified a set of miRNAs, which, being modulated by senescence-mediating conditions, and being able to either facilitate DNA damage or regulate the expression of several senescence mediators, may represent critical components of the cellular senescence program.
Materials and Methods
Cell cultures. Normal primary human fibroblasts IMR90 were obtained from American Type Culture Collection (Manassas, VA, USA). IMR90 were grown in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Groningen, The Netherlands) supplemented with 10% (v/v) fetal bovine serum and 1% penicillin/streptomycin (Invitrogen). Cultures were maintained at 37 1C in a 5% CO 2 -humidified atmosphere. The population doubling level (PDL) was calculated by using the formula DPDL ¼ log(n h /n i )/log2, where n i is the initial number of cells and n h is the final number of cells at each passage. The cells were used at 33 PDL or 58 PDL. More than 70% of PDL58 cells were positive for SA-b-gal. SA-b-gal was assayed according to Dimri et al. 14 Briefly, cells were washed twice with PBS, fixed with 2% formaldehyde and 0.2% glutaraldehyde in PBS, and washed twice in PBS. Then, cells were stained overnight in X-gal staining solution (1 mg/ml X-gal, 40 mM citric acid/sodium phosphate (pH 6.0), 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 150 mM NaCl, 2 mM MgCl 2 ). Diethylmaleate (DEM) was purchased from Sigma Chemical Co. (St. Louis, MO, USA) and used at a final concentration of 100 mM in complete medium. 9 Etoposide (VP-16; Calbiochem, La Jolla, CA, USA) was used at 20 mM. 15 Rapamycin was obtained from Merck Chemicals Ltd (Nottingham, UK) and used at 10 nM. Rotenone (Sigma Chemical Co.) was used at 5 mM. miRNA profiling. Total RNA was isolated using the mirVana MiRNA isolation kit (Ambion, Austin, TX, USA) according to the manufacturer's instructions. The RNA was quantified by Nanodrop (Thermo Scientific, Wilmington, DE, USA) and RNA integrity was analyzed by using the 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). Global miRNA expression analysis was performed by using TaqMan Low Density Arrays (TLDA)/Human microRNA Panel v1.0 (Applied Biosystems, Foster City, CA, USA). This technology detects mature miRNAs from the Sanger miRBase database. Each card/panel contains a primerprobe set for 365 human miRNAs. Briefly, for each sample, 100 ng of total RNA was converted into cDNA by multiplex reverse transcription (RT) using a primer pool from the Taqman array kit (Applied Biosystems), according to the manufacturer's instructions. Then, miRNA levels were measured by quantitative real-time PCR (qRT-PCR) using the 7900HT Sequence Detection System (Applied Biosystems). C t values were determined by using the automatic threshold in RQ manager v1.1 analysis software (Applied Biosystems). Data were analyzed by using the Sequence Detection System software (v. 2.3) (Applied Biosystems). The endogenous control miRNAs contribute to cellular senescence R Faraonio et al
